Costimulation of purified CD8 ؉ T lymphocytes induces de novo expression of CD4, suggesting a previously unrecognized function for this molecule in the immune response. Here, we report that the CD4 molecule plays a direct role in CD8 ؉ T cell function by modulating expression of IFN-␥ and Fas ligand, two important CD8 ؉ T cell effector molecules. CD4 expression also allows infection of CD8 cells by HIV, which results in down-regulation of the CD4 molecule and impairs the induction of IFN-␥, Fas ligand, and the cytotoxic responses of activated CD8 ؉ T cells. Thus, the CD4 molecule plays a direct role in CD8 T cell function, and infection of these cells by HIV provides an additional reservoir for the virus and also may contribute to the immunodeficiency seen in HIV disease. C D8 ϩ cytotoxic T lymphocytes (CTL) have a major role in antiviral immunity, directly killing virally infected cells and producing antiviral cytokines. Activation of these cells requires interaction of the T cell receptor complex with antigenic peptide and major histocompatibility complex (MHC) class I molecules on antigen-presenting cells (APCs) followed by a second costimulatory signal (1). After activation, there is a coordinated expression of various cell surface molecules, many of which play a direct role in cytotoxic activity. We and others have shown that costimulation of CD8 ϩ T cells from the peripheral blood results in the de novo expression of CD4, a molecule previously thought to be absent on this cell type at this stage of development (2-5). These CD8 ϩ CD4 ϩ cells express higher levels of activation molecules than do costimulated CD8 ϩ T cells lacking CD4 expression (2, 6). CD8 ϩ CD4 ϩ T cells constitute Ϸ3-5% of the human peripheral blood lymphocyte pool (7-10). Certain conditions seem to influence CD8 ϩ CD4 ϩ cell levels in humans, including infection with HIV (11), human T lymphotrophic virus-1 (12), Epstein-Barr virus (8), human herpesvirus 6 (13), and aging (10). CD8 ϩ CD4 ϩ cells also have been observed in monkeys (14-17), and in mice, rats, swine, and chickens (reviewed in ref. 18). In mice, CD8 ϩ CD4 ϩ cell levels increased after inoculation with reovirus or recombinant adenovirus (19, 20) . In each species, the CD8 ϩ CD4 ϩ populations usually displayed the phenotype of activated or previously activated T cells and, in the studies that assessed the composition of the CD8 dimer, were predominantly CD8␣␤ (versus CD8␣␣) cells (11, 15, 19) . The presence of CD8 ϩ CD4 ϩ cells in normal individuals and the increased representation of these cells in individuals with disease or increased antigenic stimulation suggest a role for this cell type in immunity.
cytotoxic T lymphocytes (CTL) have a major role in antiviral immunity, directly killing virally infected cells and producing antiviral cytokines. Activation of these cells requires interaction of the T cell receptor complex with antigenic peptide and major histocompatibility complex (MHC) class I molecules on antigen-presenting cells (APCs) followed by a second costimulatory signal (1) . After activation, there is a coordinated expression of various cell surface molecules, many of which play a direct role in cytotoxic activity. We and others have shown that costimulation of CD8 ϩ T cells from the peripheral blood results in the de novo expression of CD4, a molecule previously thought to be absent on this cell type at this stage of development (2) (3) (4) (5) . These CD8 ϩ CD4 ϩ cells express higher levels of activation molecules than do costimulated CD8 ϩ T cells lacking CD4 expression (2, 6) . CD8 ϩ CD4 ϩ T cells constitute Ϸ3-5% of the human peripheral blood lymphocyte pool (7) (8) (9) (10) . Certain conditions seem to influence CD8 ϩ CD4 ϩ cell levels in humans, including infection with HIV (11), human T lymphotrophic virus-1 (12) , Epstein-Barr virus (8) , human herpesvirus 6 (13) , and aging (10) . CD8 ϩ CD4 ϩ cells also have been observed in monkeys (14) (15) (16) (17) , and in mice, rats, swine, and chickens (reviewed in ref. 18 ). In mice, CD8 ϩ CD4 ϩ cell levels increased after inoculation with reovirus or recombinant adenovirus (19, 20) . In each species, the CD8 ϩ CD4 ϩ populations usually displayed the phenotype of activated or previously activated T cells and, in the studies that assessed the composition of the CD8 dimer, were predominantly CD8␣␤ (versus CD8␣␣) cells (11, 15, 19) . The presence of CD8 ϩ CD4 ϩ cells in normal individuals and the increased representation of these cells in individuals with disease or increased antigenic stimulation suggest a role for this cell type in immunity.
The CD4 molecule has an important role in CD4 ϩ T helper (Th) cell development and response to antigen, including functioning as an adhesion molecule, regulating cellular activation and gene expression, and serving as a chemotactic receptor (21) (22) (23) . Its role as the primary receptor for HIV is well known (24, 25) . The cytoplasmic tail of the CD4 molecule on Th cells is associated with the Src-family kinase Lck, through which it induces intracellular tyrosine phosphorylation and other signaling events (22, 23) . We and others have shown that Lck is associated with CD4 in CD8 ϩ T cells in a way similar to the association in Th cells, allowing signaling events to occur through this pathway (5, 6) . We also have determined that CD4 can serve as a chemotactic receptor on CD8 ϩ T cells, allowing cell migration in response to IL-16 (6) . Inhibition of Lck signaling by specific chemical inhibitors ablates the ability of CD4 to direct this migration (6) . Thus, CD4 expressed on CD8 ϩ T cells is functionally capable of responding to an external signal, although its full role on this cell type is not yet known.
During the course of HIV infection, CD8
ϩ CTL responses are unable to fully suppress viral replication (26) . It is not clear how this occurs or whether HIV has a direct effect on CTL function. Direct infection of a target cell by HIV is known to impair the cell's ability to function properly through mechanisms such as cytotoxicity or apoptosis (27) . In addition, HIV may inflict ''collateral damage'' on nearby uninfected cells by inducing dysfunction and͞or cell death (27) . HIV proviral DNA has been found in CD8 ϩ T cells in vivo in the peripheral blood and pulmonary compartments (11, (28) (29) (30) (31) (32) (33) (34) (35) . Simian immunodeficiency virus proviral DNA also has been found in CD8 (36, 37) or in a more mature cell after its induction by costimulation (3) (4) (5) 28) . A recent study identified significant levels of HIV proviral DNA in mature CD8 ϩ T cells through the use of ultra high purity polychromatic fluorescent cell sorting (FACS) procedures (28) , further validating the presence of HIV in this population and quelling criticisms regarding sorting purity in earlier studies. However, the consequences of HIV or simian immunodeficiency virus infection in CD8 Cell Culture. CD8 ϩ T cells from fresh human leukopacks were purified by negative selection columns (purity Ͼ95%) and cultured in medium alone (unstimulated), anti-CD3 mAb alone, anti-CD28 mAb alone, or with anti-CD3 and anti-CD28 for 3 days as described in refs. 4 and 6. Cells then were analyzed by flow cytometry; gating was used to highlight the CD8 ϩ population.
Microarray Analysis. Purified human CD8
ϩ T cells were costimulated for 3 days and subsequently treated with medium alone, cross-linked (XL) CD4 mAb, or IL-16 (6) and cultured for 3 h before harvest. RNA was isolated (4) and gene expression analysis was performed by using U95A microarrays (Affymetrix, Santa Clara, CA) and the GENESPRING program (Genespring, Palo Alto, CA). Genes were excluded from analysis if they did not have Ն1,200 arbitrary expression units at the time of their greatest levels of expression. Stimulation index was calculated as an increase or decrease over medium control. CD4 RNA expression was confirmed by RT-PCR (4).
Measurement of Cytokine Production. Three-day costimulated human CD8 ϩ T cells were further stimulated for 24 h in triplicate with medium alone, medium with a XL-irrelevant mAb [anti-NK cell mAb (2B4)] (Pharmingen), XL-CD4 mAb, or IL-16, or XL-CD56 with or without 10 M of the SRC-family kinase (6) . IFN-␥ production was measured by enzyme-linked immunospot (ELISPOT) using antihuman IFN-␥ capture and detection antibodies (Pharmingen) (38, 39) . Quantitation was performed with an Immunospot Series 1 Analyzer (CTL, Cleveland).
FasL Expression. Three-day costimulated human CD8 ϩ T cells purified from normal, HIV-negative individuals were further stimulated for the indicated time period with medium, medium plus XL-CD4 mAb, or IL-16, or XL-CD56 with and without 10 M PP2 (6). Cells were removed at the indicated times and stained with FasL-biotin, CD8-perdinin chlorophyll protein, and CD4 energy coupled dye (Clone SFCI12T4D11, Coulter) mAbs. Secondary staining with streptavidin-phycoerythrin was used to label the biotinylated mAb. A subset of cells was stained with mouse isotype controls. FasL expression was assessed by f low cytometry, gating on the CD8 ϩ population. OKT4 does not inhibit binding of the SFCI12T4D11 mAb (data not shown).
Generation and Measurement of CTL Activity. To prepare effector, target, and stimulator cells for generation of allospecific CTL, various cell subsets were first isolated from fresh human peripheral blood leukocytes by magnetic activated cell sorting (Miltenyi Biotec, Auburn, CA). Dendritic cells, used to stimulate CD8 cells to react to alloantigen, were generated from peripheral blood monocytes cultured for 7 days in IL-4 and granulocyte-macrophage colony-stimulating factor as described in ref. 40 . CD19 ϩ B lymphocytes were isolated from the blood of the same donor as the dendritic cells and used as CTL target cells. These cells were viably frozen in RPMI medium 1640͞10% DMSO until needed. Purified CD8 ϩ T cells from a different donor were added to the dendritic cells as described and cultured for 7 days to generate alloantigen-specific CTL (4) . Three days before use as target cells for CTL lysis, the CD19 ϩ B cells were thawed and stimulated with XL antihuman IgM mAb (Coulter). These cells were then radioactively labeled by incubation with 350 Ci of sodium [ 51 Cr]chromate for 1-2 h before exposure to allostimulated CD8 T cells. Cytotoxic activity of the effector CD8 cells was then assessed by quantitation of radioactivity in the supernatant by using a standard 51 Cr release assay at various effector͞target ratios. Each condition was measured in triplicate as described in ref. 41 . In some 51 Cr release assays, a mixture of anti-MHC class II mAbs (containing anti-HLA-DR, -DP, -DQ activity; 5 g͞ml, Pharmingen), soluble CD4 (100 ng͞ml, NEN), anti-CD4 neutralizing antibody (5 g͞ml, R & D Systems), mouse Ig (5 g͞ml, Sigma), 50 g of HIV-1 NL4 -3 , 50 g of HIV-1 NFN-SX , or virus-free control cell supernatant was added to the cultures along with the CD8 cells, to determine any effects on lytic activity. 
Results

Induction of CD4 Expression by CD8
cells constitute a significant and often overlooked subpopulation of CD8 ϩ T cells in the peripheral blood (Fig. 1a) (7, 8, 10, 43) . The CD8 ϩ CD4 dim subset constitutes Ϸ5% of the CD3 ϩ CD8 ϩ population (Fig. 1b) . Phenotypic analysis reveals that the CD3 ϩ CD8 ϩ CD4 dim subset is a highly activated population. These cells are ␣␤ T cell receptor positive and express greater levels of the activation molecules CD25, CD69, HLA-DR, CD71, and CD45RO than do the CD3 ϩ CD8 ϩ CD4 Ϫ population of mature T cells or thymocytes (2, 4) (data not shown). Thus, these cells are mature and are not thymocytes that have escaped the thymus into the peripheral blood. Consistent with this observation, purified human CD8 ϩ T cells, when costimulated by anti-CD3 and anti-CD28 mAbs, substantially up-regulated CD4 expression, but not when stimulated by CD3 or CD28 alone (Fig.  1c) (3, 6) . This finding suggests that the CD3 ϩ CD8 ϩ CD4 dim subset of cells in the peripheral blood is a functionally active population of cells.
Functional Role of CD4 on CD8 ؉ T Cells. Because CD4 plays a critical role in the activity of CD4 ϩ Th and other hematopoietic cells, we investigated how the CD4 molecule on CD8 ϩ T cells contributes to cell-mediated immunity. To determine the functional significance of CD4 on the surface of CD8 ϩ T cells, we used microarray analysis to assess changes in gene expression profiles of costimulated human CD8 ϩ T cells after ligation of CD4. Short-term ligation of CD4 either by XL anti-CD4 mAb or by the CD4-specific ligand IL-16 resulted in a Ͼ2.5-fold up-regulation of 127 genes and the Ͼ2.5-fold down-regulation of 159 genes. Specifically, RNA for CD4 was down-regulated, indicating that ligation rapidly shuts off expression of this molecule (Fig. 2a) . Expression of IFN-␥ and FasL, two genes critical for CD8 ϩ T cell function (44, 45) , was significantly up-regulated after CD4 ligation. We and others have shown that the signaling molecule p56lck (Lck) is functionally associated with the CD4 molecule in CD8 ϩ T cells (5, 6) . Treating cells with the src-family kinase inhibitor PP2, which inhibits signaling through Lck (46), abrogated the changes in IFN-␥, FasL, and CD4 RNA seen after ligation of CD4 (data not shown). These data strongly suggest that ligation of CD4 on CD8 ϩ T cells has a role in CD8 T cell function and that CD4 mediates this activity through its primary signaling molecule, Lck.
To confirm that IFN-␥ protein levels were increased after ligation of CD4, CD3͞CD28 costimulated CD8 ϩ T cells were further stimulated with XL anti-CD4 mAbs or with IL-16, and IFN-␥ production was measured by ELISPOT (Fig. 2b) . We next used flow cytometry to determine whether ligation of CD4 induces FasL expression on the surface of T cells. Cell surface FasL was up-regulated within 6 h of CD4 cross-linking, and treatment with PP2 inhibited this effect (Fig. 2c) . IL-16 also up-regulated FasL, although to a lesser extent, and PP2 abrogated this effect (not shown). Blocking IL-16 interaction with CD4 by preexposing the cells to a non-XL anti-CD4 mAb inhibited FasL up-regulation (not shown). Ligation of CD56 did not result in up-regulation of FasL (not shown). Thus, our results indicate that the specific ligation and cross-linking of CD4 on CD8 ϩ T cells results in Lck-mediated production of IFN-␥ and FasL, suggesting that CD4 expression could directly influence CD8 cell effector function. CD4 and Cytotoxicity. To examine the role of the CD4 molecule on CD8 ϩ T cells in the CTL response, we generated alloantigenreactive CD8 ϩ cytotoxic T lymphocytes by stimulating purified human CD8 ϩ T cells with allogeneic monocyte-derived dendritic cells (4) . Cytotoxic function was assessed against activated B cells (which express MHC class I and class II target antigens, but do not express CD4) (data not shown) derived from the same donor as the monocyte-derived dendritic cell targets. Allogeneic dendritic cells, in the absence of CD4 ϩ Th cells, induced cellular activation and CD4 expression on CD8 ϩ T cells (4) (typically 22-50% of cells were CD4 ϩ ) and generated CTL activity against alloantigen (Fig. 2d) . Blocking the target cell-mediated ligation of CD4 by adding soluble CD4 (sCD4), or a non-XL anti-CD4 mAb that blocks MHC class II interaction, or a mixture of anti-MHC class II mAbs, which is known to inhibit the generation of a CD4 ϩ T cell mixed leukocyte reaction, significantly inhibited the CTL response (P Ͻ0.05). Thus, the CD4 molecule present on CD8 ϩ T cells plays a direct functional role in the primary CTL response against alloantigen.
HIV Dysregulation of Cytotoxic T Cell Function. We then examined the effects of HIV infection on the CD8 ϩ CD4 dim population of cells. CXCR4(X4)-tropic, CCR5(R5)-tropic, and X4͞R5 dualtropic viruses are capable of replicating in vitro in purified costimulated CD8 ϩ T cells, although not quite to the level seen in costimulated, unfractionated peripheral blood lymphocytes (Fig. 3a) . We further examined HIV-infected CD8 ϩ T cells for CD4 cell surface expression and found that the CD4 molecule was quickly down-regulated after infection by both X4-tropic (Fig. 3b) and R5-tropic (data not shown) strains of HIV-1. We observed no increases in apoptosis or necrosis as assessed by annexin V, propidium iodide staining, or changes in mitochondrial membrane potential 3 days after infection (data not shown). HIV gag protein was also found in viable CD8 ϩ CD4 Ϫ cells (see below). Thus, loss of CD4 was because of downregulation, not cell death. Further, infection with either an X4-or R5-tropic virus with a deletion in the nef ORF, resulted in similar amounts of down-regulation as the wild-type virus (data not shown). Thus, the observed down-regulation of CD4 probably occurs by nef-independent mechanisms.
We next investigated the functional consequences of HIV infection of CD8 ϩ T cells. HIV replication requires several days, so cells were costimulated for 3 days and then infected for 3 additional days. To control these studies, uninfected CD8 cells were assessed in parallel. Compared with earlier studies (Fig. 2b) , there is a diminished ability of uninfected control CD8 ϩ cells to express IFN-␥ in response to CD4 ligation 6 days after costimulation (Fig. 3c) . Interestingly, IFN-␥ was significantly up-regulated in HIV-infected CD8 ϩ T cell cultures to levels similar to that of CD4-ligated control cells. XL anti-CD4 mAb did not further up-regulate IFN-␥ production in infected cells. Most CD8 ϩ T cells expressing intracellular gag protein displayed down-regulated CD4 expression similar to that observed in Fig. 3b (data not shown) . In other studies, we observed that uninfected cells treated with XL anti-CD4 mAb 3 days after costimulation have levels of IFN-␥ expression on day 6 similar to those of cells infected on day 3 (data not shown), suggesting that continual ligation of CD4 by HIV gp120 and subsequent down-regulation of CD4 produced the up-regulation of IFN-␥ in infected cultures. Thus, our data further suggest that down-regulation of CD4 by HIV infection rendered these CD8 ϩ T cells unable to modulate IFN-␥ after treatment with XL anti-CD4 mAb.
FasL expression in HIV-infected CD8 ϩ T cells was analyzed by flow cytometry. When subjected to CD4 cross-linking 6 days after costimulation, FasL expression in uninfected cells was up-regulated Ϸ3-4 fold (Fig. 3d) . At the same time (6 days after costimulation, 3 days after infection), CD4 expression was significantly down-regulated in HIV-1 p24gag ϩ cells, rendering them unresponsive to XL mAb and thus unable to up-regulate FasL. Combined, these results indicate that in vitro HIV infec- To determine whether HIV infection of CD8 ϩ T cells affects CD8 ϩ T cell cytotoxic responses, we generated alloantigenreactive CD8 ϩ T cells similar to those described above. To allow cells to become activated and permissive for HIV infection, purified CD8 ϩ T cells were cultured with allogeneic monocyte-derived dendritic cells for 5 days, when cells were incubated with or without HIV. Three days later (day 8), both infected and uninfected cells were assessed for their cytolytic ability. Cells expressing intracellular p24 exhibited downregulated CD4 expression compared with uninfected cultures, similar to what we observed above, and no increase in apoptosis or necrosis was observed (not shown). CD8 ϩ T cells from infected cultures demonstrated significantly reduced CTL responses compared with uninfected cultures (Fig. 3e) . Thus, HIV infection of activated CD8 ϩ CD4 dim T cells directly perturbs in vitro CD8 ϩ CTL activity after the down-regulation of CD4 and the resulting alteration of IFN-␥ and FasL expression.
Discussion
In this study, we have determined that the CD4 molecule has a direct functional role in CTL responses. Further, we have determined that ligation of the CD4 molecule found on activated CD8 ϩ T cells modulates gene expression, particularly the expression of IFN-␥ and FasL. Our data suggest that the ligation of CD4, either by MHC class II on an APC or target cell, or by secreted IL-16, modulates the CTL response by increasing IFN-␥ and FasL expression (Fig. 4) . It has been shown that ligation of CD4 on bona fide Th cells results in increased expression of IFN-␥ (48, 49). IFN-␥ may then have direct or indirect antiviral effects, including the up-regulation of Fas on infected cells, rendering these cells more susceptible to killing by CD8 ϩ T cells expressing FasL (44, 45, 48, 49) . CD4 ligation also has been determined to induce FasL expression on monocytes and to prime Th cells to express FasL after T cell receptor stimulation (49, 50) . FasL on these cells has been demonstrated to subsequently induce apoptosis in cells expressing Fas.
Our results suggest that the CD4 molecule could influence several aspects of CD8 ϩ T cell function. Our previous studies (6) indicate that CD4 on highly activated CD8 ϩ T cells serves as a chemotactic receptor for IL-16, a proinflammatory cytokine produced by various cells, including Th and CD8 ϩ T cells, eosinophils, bronchial epithelial cells, synovial fibroblasts, and mast cells (21) . IL-16 production by these cells could attract activated CD8 ϩ T cells bearing CD4 to sites of inflammation and viral replication. Together with data presented here, these events provide a potential mechanism through which CD4 directly modulates CD8 ϩ CTL function.
We envision the following model for the role of CD4 in CD8 function: costimulation of an antigen naïve CD8 ϩ T cell by an APC would induce CD4 expression. This likely occurs on the cell with the highest affinity T cell receptors coupled with the strongest costimulatory signal, because we have found that the greater the costimulatory signal, the greater the level of CD4 expressed (6) . Thus, the higher-affinity naïve CD8 ϩ T cells would be induced to express greater amounts of CD4. Although these cells remain MHC class I restricted by virtue of their T cell antigen receptor, CD4 expressed by these cells enhances the interaction with the APC by serving as an adhesion and a costimulatory molecule, interacting with MHC class II. Alternatively, the cell could then migrate in a CD4-dependent manner in response to IL-16 toward a site of inflammation. After the ligation of CD4 by either IL-16 or MHC class II, FasL and IFN-␥ are induced. IFN-␥ then elicits anti-microbial effects, including up-regulating Fas expression by the APC or by the infected cell. This effect renders the target cell susceptible to FasL-mediated attack and results in death of the target cell.
In HIV-infected individuals, the CTL response is generally ineffective at eliminating infection (26) . There are many potential ways that HIV may escape the immune response. Our results suggest that infection of CD8 ϩ T cells and constant ligation of CD4 by HIV gp120 on these cells might alter the CTL response in vivo through down-regulation of CD4 and dysregulation of IFN-␥ and FasL. Through cytolysis or cellular dysregulation after infection, HIV may then cause loss of a high-affinity CTL shortly after costimulation of the naïve precursor. Infection of this cell before expansion could impact the clonal response to the specific peptide.
In HIV-infected individuals, proviral DNA has been found in a subset of the CD8 ϩ T cell population in the peripheral blood and the pulmonary compartments (11, 28 -35) . A recent report indicated that the virus in the CD8 ϩ T cell population represents a unique viral reservoir having a different drug resistance mutation pattern than virus found in other compartments in individuals undergoing antiretroviral therapy (33) . This finding may represent unique viral growth kinetics and infection in this population. Virus that is found in the naïve CD8 ϩ T cell population (29) is likely to have arisen through infection of a CD4 ϩ progenitor cell that differentiated into a CD4-negative CD8 ϩ T cell (36, 37) . HIV and simian immunodeficiency virus proviral DNA that has been found in the more mature populations, particularly the CD8 ϩ CD4 ϩ subset, likely entered the cell after costimulation and the induction of CD4 expression (11, 16, 17, 28) . Further, our earlier studies suggest that CD4 expression is induced primarily on newly activated, previously antigen-naïve CD8 ϩ T cells. Thus, it is unlikely that infected CD8 ϩ T cells would differentiate to memory T cells. Overall, our studies indicate that CD4 expressed by the CD8 cell itself is required for optimal CD8 cell function. Our studies also suggest that if infection of these CD8 ϩ CD4 ϩ T cells occurs in vivo, the function of these cells may be impaired, further perturbing the immune response to HIV and other antigens. In HIV-infected individuals, CD4 expression allows infection of this cell type. HIV infection down-regulates CD4 cell surface expression, which prevents FasL induction and dysregulates IFN-␥ production. This action has a detrimental effect on CTL activity, reducing the efficiency of the CD8 ϩ T cell response against antigen.
